Abstract The extraction of Green's functions by cross correlation of continuous seismic records at station pairs is best achieved in a diffuse wave field, where energies radiated by random sources have equal power. To partially satisfy the diffuse wave-field condition, original seismic records must be normalized as they are highly nonstationary and may have amplitude variations of orders of magnitude within the cross-correlation time window. We adapt a frequency-time normalization method to obtain seismograms with an even spectrum at all times within the data-processing unit. Compared with the commonly used one-bit normalization, the new method improves the signal-to-noise ratio of empirical Green's functions by a factor of ∼2 and increases the effective data-recording duration by a factor of 4, assuming random local and instrument noise. It yields useful Rayleigh waves at periods up to 300 s for Program for Array Seismic Studies of the Continental Lithosphere (PASSCAL)-type deployments and 600 s for permanent stations with very-broadband sensors. Thus, the new method makes it possible to extend surface-wave signals to frequencies beyond those in traditional earthquake-based surface-wave tomography at both the high-and lowfrequency ends.
Introduction
Seismic records at pairs of stations are weakly correlated due to ambient seismic waves that propagate between them. These weakly correlated signals can be extracted to construct empirical Green's functions (EGFs) by cross correlation of continuous seismic records from station pairs over a sufficient period of time (e.g., Shapiro and Campillo, 2004; Sabra et al., 2005; Lin et al., 2006; Nishida et al., 2009; Garus and Wegler, 2011) . EGFs provide powerful constraints on the Earth's structure (particularly in aseismic regions) because they do not depend on earthquake sources, have precisely known virtual source locations, and yield useful, shorterperiod surface waves than from earthquakes (e.g., Shapiro et al., 2005; Gerstoft et al., 2006; Yao et al., 2006; Harmon et al., 2007; Moschetti et al., 2007; Lin et al., 2008; Yang et al., 2008; Zheng et al., 2008; Bensen et al., 2009; Liang and Langston, 2009; Picozzi et al., 2009; Stehly et al., 2009) .
Theoretical and experimental studies have shown that retrieval of Green's functions, the displacement response to an impulse force, is best achieved in a diffuse wave field in which amplitudes of normal modes are uncorrelated and have equal power (Weaver and Lobkis, 2001) or energies radiated by random sources are at the same level (e.g., Snieder, 2004; Curtis and Halliday, 2010) . However, original seismic records are highly nonstationary and contain local noise, instrument irregularities, and earthquake arrivals. The spectral amplitude of original seismic waveforms may vary by several orders of magnitude in broadband records, far from being a time series of a diffuse wave field. To compensate for the deviation from equal partitioning of noise sources, Stehly et al. (2008) showed that cross correlation of the coda of cross-correlation functions helps remediate the problem of anisotropic distribution of noise sources. For applications with a regular and well-sampled array of stations, multidimensional deconvolution (Wapenaar et al., 2011) and directional balancing (Curtis and Halliday, 2010) provide alternatives to the cross-correlation method. However, for many passive seismic interferometry problems, cross correlation of records at station pairs has remained the most commonly used approach. Bensen et al. (2007) provided an excellent review of the methods to extract EGFs. The two most representative practices of data normalization are one-bit normalization, in which the time series is normalized by its point-by-point absolute value (e.g., Shapiro et al., 2005) , and running-absolute-mean normalization, in which the record is normalized by a running average of its windowed absolute value (Bensen et al., 2007) . Because one-bit normalization and running-absolute-mean normalization yield nearly identical EGFs (Bensen et al., 2007) , we focus on one-bit normalization in the following discussion. The time-domain normalization is often preceded or followed by spectral whitening, which yields a flat spectrum for the data-processing unit (e.g., day-long time series). However, within individual segments of the data-processing unit (say, any 15-min window within a day-long record), the spectrum may still be uneven, and the diffuse wave-field condition may remain unsatisfied because of the nonstationary nature of seismic records and the nonlinear nature of onebit normalization.
While the existing data-normalization methods have been hugely successful, we show in this paper that the uneven spectrum within small segments of the processing unit prevents us from reaching the full potential of continuous seismic records. Although long-period surface waves have been observed with the existing methods (e.g., Shapiro and Campillo, 2004; Bensen et al., 2007; Nishida et al., 2009) , ambient noise studies using data from temporary broadband experiments typically have useful Rayleigh waves at periods up to 40-50 s (e.g., Yao et al., 2006; Yang et al, 2008) . We demonstrate that by adapting a frequency-time normalization method we achieve a flat spectrum within any time segments of the processing unit. This significantly improves EGF as the new method yields quality very-broadband Rayleigh waves at periods up to 300 s for Program for Array Seismic Studies of the Continental Lithosphere (PASSCAL)-type deployments (with Streckeisen STS-2 or Güralp CMG-3T type sensors) and 600 s for some permanent stations (with Streckeisen STS-1 type sensors). In achieving this, the new method extends EGF signals to frequencies beyond those in traditional earthquake-based surface-wave tomography at both the high-and low-frequency ends.
Frequency-Time Normalization of Seismograms
We begin with removing the instrument response of broadband seismic records in day-long segments. In the examples given here, the resulting displacement seismogram is filtered in narrow frequency bands within the target frequency ranges (0.00167-0.07 Hz for very-broadband stations with STS-1 type sensors and 0.0033-0.07 Hz for other broadband stations). The narrow frequency interval (df) is set to one-fourth of the lowest target frequency (fl/4), a value chosen so that the lowest frequency band for travel time measurements (say, fl to 2fl) includes several narrow-bandpassfiltered and normalized signals to avoid waveforms dominated by strong signals at the high-(2fl) or low-(fl) frequency end. Each narrow-frequency band-filtered seismogram is divided by its envelope to produce a time series of unit amplitude. The normalized narrow-frequency band signals are summed to produce a frequency-time normalized (FTN) seismogram ( where stjf k ; f k1 is a time series filtered between a narrow frequency band f k and f k1 (f k1 − f k df), jHj stands for the absolute value of the Hilbert transform, and nf is the number of narrow frequency bands within the target frequency range. There is no overlap in the defined narrow frequency bands. We find that a second-order, Butterworth, zero-phase forward and reverse filter yields stable FTN. A higher-order filter (order ≥ 4) sometimes results in spurious spikes in FTN due to numerical issues in high-order filters in MATLAB. Throughout the process, the mean and trend of seismograms are removed and the ends of the time series are tapered wherever necessary to avoid artifacts associated with filtering. This FTN procedure is similar to that in Ekström et al. (2009) , though they focused their analysis on measurement of phase velocity in the spectral domain without directly constructing Green's functions and discussing any of the effects of frequency-time normalization on EGFs. Figure 1a illustrates the nonstationary nature of typical seismic records within a 2-hr time window. The frequency content and amplitude of the records are highly variable. After spectral whitening and one-bit normalization, the temporal variability in the frequency of the one-bit data remains visually noticeable (Fig. 1b) . In contrast, the FTN seismogram (Fig. 1c) shows roughly equal high-and low-frequency energies throughout the duration of the recording. This visual characterization of the seismograms is confirmed in their power spectra (Fig. 2) . The FTN seismogram has an even spectrum for both the one-day processing unit and hourly segments. Although the one-bit normalized seismogram also has an even spectrum for the daily processing unit, the spectrum of hourly segments is highly variable and uneven. To keep an even spectrum for the processing unit, hourly segments with energetic signals at a particular frequency (e.g., ∼0:056 Hz in Fig. 2 ) must be compensated by suppressed signals in other hourly segments at the same frequency. Because cross correlation of seismograms is an operation on time-shifted, local (instantaneous) data, spectral whitening on the entire data-processing unit is ineffective.
The equal distribution of energies at all frequencies and at all times in FTN proves to significantly improve EGFs. After we obtain the normalized seismograms, we remove segments containing large (magnitude > 5:5) earthquakes and follow the conventional procedure of cross-correlating waveforms at station pairs, stacking cross-correlation functions, and calculating Green's functions from stacked crosscorrelation functions (e.g., Sabra et al., 2005; Bensen et al., 2007) . Tests show that including segments with large earthquakes yields nearly identical Green's functions. Figure 3 compares EGFs from one-bit normalized and FTN seismograms. The PASSCAL stations in Tibet were equipped with mostly STS-2 or CMG-3T sensors and recorded for 1-2 years (e.g., Bao et al., 2011) . The Rayleigh-wave arrivals are identifiable in both sets of EGFs, but FTN seismograms yield clearly better signal than one-bit-normalized seismograms. Statistically the signal-to-noise ratios of Rayleigh waves from FTN seismograms are approximately two times that of one-bit normalized seismograms (on average 2.3 times at periods of 25-50 s and 2.2 times at periods of 50-100 s). Here signal-to-noise ratio is defined as the maximum absolute amplitude of the Rayleigh wave divided by the standard deviation of the time series more than 1000 s after the direct wave, averaged for the causal and acausal arrivals.
Discussion and Conclusions
For certain applications (e.g., full-wave tomography and attenuation studies), it is important to preserve physically meaningful amplitude, so the examples in this paper are obtained from simple linear stacking of cross-correlation functions. When preservation of amplitude is not a concern, several other stacking methods may further enhance the extraction of coherent signals (e.g., Baig et al., 2009; Schimmel et al., 2011) .
Compared with one-bit normalization, FTN improves Rayleigh-wave signal-to-noise ratios by a factor of ∼2 and thus increases the effective data-recording duration by a factor of 4, assuming random local and instrument noise. The improvement in signal quality is attributed to the even spectrum of FTN seismograms at all times within the dataprocessing unit, which partially satisfies the condition of a diffuse wave field. In contrast, spectral whitening on the entire data-processing unit in one-bit normalization does not account for the highly nonstationary nature of seismic records and leaves the spectrum of small segments within the data-processing unit variable and uneven. With frequency-time normalization, we are able to extract useful, longer-period Rayleigh waves than in previous studies. Figure 4 shows that clear Rayleigh waves with periods up to 300 s are observed from the PASSCAL stations in Tibet. Only the traces that satisfy the signal-to-noise criterion (> 7) are plotted. The number of traces for 150-300-s periods in Figure 4 is smaller because fewer station pairs satisfy the signal-to-noise criterion. Separate tests with lower target frequencies show that waveform quality deteriorates at periods greater than 300 s for PASSCAL stations, but for stations with very-broadband sensors (e.g., STS-1 type), FTN seismograms yield up to 600-s-period Rayleigh waves (Fig. 5) . Up to 21 years of records are used in the stacked waveforms. Figure 5 shows that we can substantially extend previous observations of seismic hum from 400-s period (Nishida et al., 2009 ) to 600-s period. Such long-period seismic hum provides constraints on the upper-mantle transition zone and the uppermost lower mantle. Thus the new method makes it possible to image the entire upper mantle and crust with fundamental-mode Rayleigh waves extracted from ambient noise.
Computationally, FTN is more expensive than one-bit normalization, but for most studies the computational cost of FTN is negligible. For a typical two-year experiment with a few tens of stations, FTN can be done within a day or two, depending on the data-sampling rate and frequency intervals.
Data and Resources
Continuous seismic data used in this study were from the ASCENT experiment (Bao et al., 2011) and the International Federation of Digital Seismograph Networks (http:// www.fdsn.org/; last accessed October 2011). 
